Introduction {#S1}
============

The ability to watch chemistry and biology happen has huge potential to add to our understanding of molecular function in many contexts. There is increasing interest in targeting specific protein conformational states as a route to higher drug specificity and selectivity^[@R1]^ and functional materials that respond to changes in their environment represent new possibilities for sensors, energy and information storage^[@R2],[@R3]^. All these research areas require an understanding of both structure and dynamics. There are numerous examples of high-resolution crystal structures of reactive molecules and macromolecules, providing static models from which to infer function. In many cases, however, the reaction mechanisms remain imperfectly understood, usually because intermediate species are too short-lived to observe by conventional diffraction methods. In contrast, spectroscopic methods enable transient molecular species with lifetimes as short as femtoseconds to be observed^[@R4]^ but do not usually provide structural information, leaving the challenge of relating structure to function unresolved. Time-resolved X-ray crystallography (TRX) has begun to meet these challenges^[@R5],[@R6]^, but so far has only provided high resolution structural information for short-lived, *i.e.* sub millisecond, intermediates of a small number of proteins.

Although ultra-fast methods for time-resolved spectroscopy are well established, this is not the case for crystallography. The current state-of-the-art methods for TRX are the Laue method^[@R7],[@R8]^ (\~100 ps) and streak camera techniques or bunch slicing methods where \~1 ps or better time resolution has been obtained for molecular samples^[@R9],[@R10]^. Such high time-resolution can be achieved because there are sufficient photons in each single X-ray probe pulse that measurable diffraction data can be obtained. Recent developments in X-ray free electron lasers offer the possibility of femtosecond TRX^[@R11]^. Such high time-resolutions cannot be achieved at a conventional monochromatic beamline for a macromolecular sample because there are simply not enough X-ray photons in a period of less than 1 μs to obtain a useable diffraction pattern^[@R12]^.

The conventional way to study transient phenomena in spectroscopic or crystallographic experiments is to initiate the process and then to probe the system at a later time, either with X-rays^[@R13]^ or visible/infrared (IR) photons^[@R4],[@R14],[@R15]^. In classical time-resolved experiments a laser (pump) pulse is used for initiation and a single probe pulse follows every pump pulse at a series of predetermined time delays. To measure *n* time points *n* pump-probe pairs are needed ([Fig. 1a](#F1){ref-type="fig"}).

The Hadamard time-resolved approach presented here is a transform method. These are common in spectroscopy but have so far not been used in time-resolved measurements. In contrast to the conventional pump-probe method, in our Hadamard approach each pump pulse is followed by a sequence of probe pulses and the total signal from each sequence is recorded in a single measurement ([Fig. 1b](#F1){ref-type="fig"}). The sensitivity of the experiment is therefore defined by the number of photons within the entire probe sequence, with the time resolution defined as the total probe sequence length divided by the number of pulses.

As in classical pump-probe, *n* pump-probe sequences are needed to measure *n* time points. The pattern of the probe sequence can be represented as rows of a *n* × *n* matrix (**S**) derived from a Hadamard sequence ([Supplementary Fig. 1, Supplementary Note 1](#SD1){ref-type="supplementary-material"})^[@R16]^. As shown for the simplest case of three time points ([Fig. 1b](#F1){ref-type="fig"}), each row of the matrix (and hence probe sequence) is obtained by a cyclic left shift by one element from the previous row ([Fig. 1c](#F1){ref-type="fig"}).

For a Hadamard time-resolved experiment the reaction is initiated, and then the entire probe sequence (given by the first row of the **S** matrix) is recorded by the detector as a single image. This is repeated on a new sample (or on the same sample after relaxation), but with the probe sequence now defined by the next row of the **S** matrix, until all rows have been used. The resulting encoded signals, from *n* excitations are collated to form a vector ***W*** of length *n*. To obtain the time-dependent signal, *I~t~*, the probe sequence encoding is reversed by multiplying the vector ***W*** by the inverse of the matrix **S**. *i.e*. *I~t~ =* **S**^−1^***W***.

To our knowledge, Hadamard encoding has not been previously applied to time-resolved experiments but has been used to improve the signal to noise ratio in optical and IR imaging and spectroscopy^[@R16]^, mass spectrometry^[@R17]^ and NMR spectroscopy^[@R18]^. Excitingly, the use of Hadamard sequences for time-resolved measurements is generally applicable to any time-resolved experiment where the probe beam can be encoded, such as transient absorption spectroscopy. Here we demonstrate the validity of this approach by observing X-ray induced, time dependent changes in thaumatin crystals^[@R19]^ in a Hadamard time-resolved crystallographic (HATRX) experiment.

Experimental details & results {#S2}
==============================

The use of the Hadamard approach is independent of the manner in which the pulse sequence is generated. A detector encoded HATRX experiment can be reproduced by selectively summing single images from a continuous series of evenly spaced exposures into HATRX images. This allows comparison of the HATRX electron density to that from a control time-series acquired in the conventional manner, to demonstrate that a HATRX experiment can successfully track time-dependent structural changes ([Fig. 2](#F2){ref-type="fig"}).

Exposure of protein crystals to the microfocus X-ray beamline I24 (Diamond Light Source) results in fast, irreversible radiation damage that can be readily observed through progressive breakage of disulphide bonds^[@R19]^. In this proof-of-principle experiment, the absorbed X-ray dose was used as a proxy for time with the X-ray beam itself acting as the "pump". A 3 × 3 **S** matrix was used, but to extend the dose (time) range probed this was repeated 9 times to give a total of 27 time-points. Diffraction datasets (wedges) consisting of 27 repeated images of the same 1° oscillation were collected. Equivalent wedges of data were also recorded from an independent set of crystals to provide a control dataset with known intensities at each time point. The exposure time and incident flux were such that significant radiation damage accumulated within each wedge with the experimental dose limit reached by the final image^[@R20]^.

For the control data, composite scaled datasets for each time point were created ([Fig. 3a](#F3){ref-type="fig"}, [Supplementary Table 1](#SD2){ref-type="supplementary-material"}). To create the HATRX datasets, wedges were assigned an exposure sequence corresponding to a single line of the *n* = 3 **S** matrix ([Fig. 3b](#F3){ref-type="fig"}) and summed into nine HATRX datasets encoding all 27 time-points. Both the HATRX and the control images were integrated and scaled using standard methodology (**Online Methods**).

Each 3 × 3 HATRX experiment is comprised of 3 datasets, each encoded with one line of the **S** matrix ([Supplementary Table 2](#SD3){ref-type="supplementary-material"}). For each dataset, the intensities of all reflections were converted into amplitudes and then collated into a vector ***W.***. This was transformed to yield 3 datasets now corresponding to 3 time (dose) points ([Supplementary Software](#SD5){ref-type="supplementary-material"}). This was done for all 9 HATRX experiments. The resulting structure factors for the control and HATRX data were the same within experimental error ([Supplementary Table 3](#SD4){ref-type="supplementary-material"}). The same was true for data treated as a 7-period HATRX experiment, now repeated 4 times, although in this case the data completeness was insufficient for map calculation (\<60%).

*F*~HATRX~ -- *F*~CONTROL~ electron density maps were calculated for each time point and these showed no significant difference features at 3 r.m.s.d. However, *F*~t\ =\ n~ -- *F*~t\ =\ 0~ electron density maps for both the HATRX and control data show similar clear significant electron density changes at the disulphide bonds, as expected, with increasing X-ray dose ([Fig. 2](#F2){ref-type="fig"}, [Supplementary Fig. 3](#SD1){ref-type="supplementary-material"}). These results demonstrate that the HATRX method produces reliable 4D electron density maps, which are simultaneously highly resolved in both space and time.

Discussion {#S3}
==========

We have demonstrated a new and generally applicable transform method for performing time-resolved experiments. The HATRX method frees the achievable time resolution from its current dependence on source brilliance by summing time-points across a probe sequence. This results in an improved signal to noise ratio^[@R16]^, because of the increased number of photons recorded during each measurement.

A comparison of the expected signal can be made using estimates of the known flux from a monochromatic X-ray beamline. For example, beamline I24 delivers ≈10^12^ photons s^−1^. Assuming an elastic scattering efficiency of 0.1%,^[@R13]^ for an image with 100 spots there are 10^7^ photons scattered/spot/s (assuming for illustration that spots are of equal intensity). If we record 100 1 μs time points over a 100 μs range then with classical pump-probe each spot will contain only 10 photons. In contrast, by using the HATRX approach each spot will contain approximately 500 photons, because the HATRX sequence is approximately half on and half off ([Supplementary Fig. 2](#SD1){ref-type="supplementary-material"}).

There are two contributions to the improvement in signal to noise. The first is the absolute number of photons recorded for each time point. Consider the simplest *n* = 3 experiment. In the classical pump-probe approach, each time-dependent measurement is made once. However, with the HATRX approach, the encoded measurement is repeated 3 times with each time point measured twice, resulting in a doubling of the signal recorded. Consequently, the mean square error associated with the measurement is reduced by a factor (*n* + 1)^2^ / 4*n* ≈ *n*/4 so the signal-to-noise ratio is increased by a factor of (*n* + 1) / 2√*n* ≈ √*n* / 2 relative to conventional experiments^[@R16]^ ([Supplementary Note 1](#SD1){ref-type="supplementary-material"}).

Although we have used a sequence of probe pulses that are equally separated in time, the method will also work if the probe pulses are logarithmically spaced, allowing a wide range of time-scales to be observed in a single experiment. The experiment measures the total intensity from a sequence and is independent of the time-stamp of each pulse.

An additional advantage of HATRX, specific to crystallography, is that the scaling of data from multiple crystals and time-points need only be done once (as the same sample population progresses in time). In contrast, in a serial crystallography pump-probe experiment the data must be scaled first for each time-point over all crystal orientations and then again over time.

Experimentally, generating Hadamard pulse sequences for HATRX could be achieved in a number of ways; using a rotating disc shutter encoded with a sequence or by deflecting electron bunches out of the synchrotron electron beam. An alternative approach is to use a pixel array detector gated to record according to the Hadamard pulse sequence but reading out only after the sequence is completed ([Supplementary Note 2](#SD1){ref-type="supplementary-material"}).

HATRX thus enables fast TRX experiments on both reversible and irreversible processes at synchrotron sources where currently the flux density achievable at the sample is the limiting factor. Though HATRX is demonstrated here with millisecond time-resolution, it can be extended to shorter time-scales ([Supplementary Note 2](#SD1){ref-type="supplementary-material"}). This removes a significant experimental barrier and greatly increases the number of synchrotron beamlines where TRX experiments are possible. In addition, its applicability to any experimental technique where the probe can be encoded makes this a general tool for dynamic studies.

Online Methods {#S4}
==============

Crystallization and data collection {#S5}
-----------------------------------

Thaumatin is a protein that contains eight disulphide bonds and is well characterised in radiation damage studies^[@R19]^. Thaumatin crystals were prepared as follows. The protein in ddH~2~0 \[40 mg/ml\] was crystallised in sitting drop plates in a 2:1 mixture (4 μl protein: 2 μl reservoir solution) with 0.05 M ADA pH 6.8, 0.6 M K/Na Tartrate and 20% v/v glycerol. The crystals (\~10-20 μm along the longest edge) were then mounted on a polyimide mesh (MiTeGen) and cryo-cooled to 100 K in liquid nitrogen. All diffraction data were collected on beamline I24 at the Diamond Light Source (Didcot, UK) at 100 K, with a beam size of 10 × 10 μm^2^ and an incident flux of 1.5×10^12^ ph s^−1^. Wedges of data were collected from 264 microcrystals. These wedges contained 27 images taken over a repeated oscillation of 1°, each image had an exposure time of 200 ms. The absorbed dose was calculated using RADDOSE^[@R21]^ and the total absorbed dose was 29 MGy over the 27 images.

Generation & processing of Hadamard Series data {#S6}
-----------------------------------------------

A subset of 31 crystals was used for the control dataset. The diffraction data were integrated using XDS^[@R22]^ and then scaled together (but not merged) into a single .mtz file where the image numbers associated with each reflection were retained. The data from all image 1's were then scaled together using AIMLESS^[@R23]^ to produce a dataset for time (dose) point 1. This was repeated for each time point to yield 27 time-resolved datasets. The merging statistics for the resulting datasets are shown in [Supplementary Table 1](#SD2){ref-type="supplementary-material"}.

The data wedges from the remaining 233 crystals were split into three approximately equal groups. An exposure sequence corresponding to a line of the 3 × 3 **S** matrix was assigned to each group to determine which images would be summed for the HATRX analysis. The required images were then summed using the programme SUMSUB provided by David Waterman (CCP4) to yield a new HATRX encoded image that could then be indexed and integrated as normal ([Fig. 3b](#F3){ref-type="fig"}). Scripts used for the creation of the HATRX data can be found in [Supplementary Software](#SD5){ref-type="supplementary-material"}.

The resulting HATRX images were indexed and integrated using XDS and then scaled using AIMLESS. Some poorly merging wedges from each group were discarded resulting in 72, 76 and 70 wedges finally used for each HATRX group ([Supplementary Table 2](#SD3){ref-type="supplementary-material"}). The intensities were converted to amplitudes using TRUNCATE^[@R24]^ and the *F* and *SigF* for each reflection were collated into the vector ***W*** for each of the 9 HATRX datasets.

Multiplication of these vectors (for both *F* and *SigF*) by the inverse of the **S** matrix, $$\begin{bmatrix}
I_{1} \\
 \vdots \\
I_{n} \\
\end{bmatrix} = \mathbf{S}^{- 1}\begin{bmatrix}
W_{1} \\
 \vdots \\
W_{n} \\
\end{bmatrix}$$ yielded 3 datasets corresponding to 3 time (dose) points. This was repeated for the next eight sets *i.e.* batch groupings of (4,5,6), (7,8,9) *etc*. to yield 27 time-resolved datasets ([Supplementary Fig. 4](#SD1){ref-type="supplementary-material"}). Scripts used for the HATRX transformation can be found in [Supplementary Software](#SD5){ref-type="supplementary-material"}.

Within the error of the experiment the control and HATRX data were indistinguishable ([Supplementary Table 3](#SD4){ref-type="supplementary-material"}). The same was true for data treated as for a 7-period HATRX experiment (7 groups of 25 crystals used, *i.e.* batch groupings of (1-7), (8-14) *etc*. to yield 4 HATRX images, data not shown), although in this case the data completeness was insufficient to allow for map calculation (\<60%).

Phases were calculated using 1KWN as a starting model. The model was refined using REFMAC5^[@R25]^ against the HATRX time-point 1 data and the resulting phases used for all further map calculations ([Supplementary Table 5](#SD1){ref-type="supplementary-material"}). Maps derived from the control and HATRX data were then compared by the calculation of difference maps.

*i.e.* *F*~HATRX~1~~ -- *F*~TRAD~1~~ for 1 ≤ *n* ≥ *N;* (*F*~HATRX~N~~ - *F*~HATRX~1~~) *vs*. (*F*~TRAD~N~~ - *F*~TRAD~1~~).

Supplementary Material {#SM}
======================

###### 

Supplementary Software 1

This script takes a user defined set of images from multiple crystals and produces an integrated list of reflections using XDS. These data can then be scaled, merged and converted to structure factors using the CCP4 software suite.

###### 

Supplementary Software 2

This script takes a plain text file (with the format H K L F1 SIGF1 F2 SIGF2 ... Fn SIGFn), calculates the S-matrix and carries out the HATRX transform. It outputs a plain text file in the same format as the input data.

###### 

Supplementary Software 3

This script converts the output of 2_HATRX.py into a CCP4 format mtz file ready for further analysis using any standard crystallographic software package.

###### 

Supplementary Software 4

This script uses the sumsub routine to create HATRX encoded images from a series of CBF format images. It was used to create the HATRX images here to show proof of principle of the method. When the HATRX data are generated by detector or beam encoding this step is not required.
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![Comparison of classical pump-probe and HATRX methods. (**a**) The classical pump-probe method, showing three pump-probe time delays. (**b**) The simplest Hadamard pulse sequence to measure three time points. Note that the detector is read--out only at the end of the whole sequence in this experiment. (**c**) The 3 × 3 Hadamard **S** matrix illustrating how each row produces a single summed intensity for each reflection on the detector (*w*~1~, etc.) forming the vector ***W***.](emss-60361-f0001){#F1}

![Difference electron density maps showing the comparison of control and HATRX data. Maps are calculated as *F*~t~ - *F*~1~ (where *t =* 2, 4, 7, 10, 13, 16, 19, 22, 25) for the control data (left) and the HATRX data (right). The dose resolution of the experiment is 1.2 MGy, which was delivered in 200 ms. The maps are contoured at 3 r.m.s.d. Negative difference density is coloured magenta and positive difference density is coloured cyan. The disulphide bonds between Cys56 - Cys66 and Cys71 -- Cys77 are shown.](emss-60361-f0002){#F2}

![Schematics showing the experimental design used to demonstrate HATRX. (**a**) shows how batches were scaled together to generate the control time-resolved datasets. (**b**) shows how images were summed to create the HATRX images. 1 indicates the image was included in the summed image, 0 that it was not included.](emss-60361-f0003){#F3}
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